Abstract
Introduction
covering >50 Danish full-scale WWTPs over a 10 year period, has given a 84 comprehensive overview of the abundant core members of the full-scale activated 85 sludge treatment plants (McIlroy et al. 2015) . As such, we are now able to 86 systematically target the numerically important Chloroflexi phylotypes. The in situ 87 physiology of some of these groups, such as 'Candidatus Promineofilum' (the B45 88 group) ) and P2CN44 , has been 89 determined, but several abundant phylotypes are novel and known only by their 16S 90 rRNA gene sequence (McIlroy et al. 2015) .
91
The aim of this study is to determine the in situ physiology of selected 92 abundant novel Chloroflexi activated sludge phylotypes. The extensive MiDAS 93 survey of full-scale Danish nutrient removal activated sludge plants was used to 94 identify the most abundant genus-level taxa belonging to the phylum Chloroflexi.
95
FISH probes were designed for these phylotypes and applied in combination with 96 microautoradiography (MAR) and histochemical staining for their in situ 97 characterization. 98
Methods

99
Biomass sampling and fixation for FISH 100
Biomass samples from the aerobic stage of selected full-scale activated sludge 101
WWTPs with nutrient removal were fixed with 4% paraformaldehyde (PFA) for 3 h 102 at 4°C. After fixation, samples were washed 3 times in sterile filtered tap water, re-103 suspended in 50% ethanol in 1 x PBS solution [v/v] , and stored at -20 °C. For basic 104 operational information for WWTPs sampled in this study, see Mielczarek et al., 105 (2013) . 106
Phylogenetic analysis and FISH probe design 107
Phylogenetic analysis and FISH probe design were performed with the ARB software 108 package (Ludwig et al. 2004 ) with the MiDAS database (Release 2.1), which is a 109 version of the SILVA database (Release 123 NR99) (Quast et al. 2013 ) curated for 110 activated sludge and anaerobic digester sequences (McIlroy et al. 2015 (McIlroy et al. , 2017b ).
111
Potential probes were assessed in silico with the mathFISH software (Yilmaz, 112 Parnerkar and Noguera 2011). The Ribosomal Database Project (RDP) PROBE 113 MATCH function (Cole et al. 2014 ) was used to identify non-target sequences with 114 indels . Probe validation and optimization were based on 115 generated formamide dissociation curves (Daims, Stoecker and Wagner 2005) , where 116 average relative fluorescent intensities of at least 50 cells calculated with ImageJ 117 software (National Institutes of Health, Maryland, USA) were measured for varied 118 hybridization buffer formamide concentration in increments of 5% (v/v) over a range 119 of 0-65% (v/v) (data not shown). Details for probes designed in this study have been 120 deposited in the ProbeBase database (Greuter et al. 2016) . 121
FISH
122
FISH was performed as detailed by Daims et al., (2005) (Figure 1) . The Chloroflexi phylum is among the most 204 abundant phyla in full-scale systems in Denmark, constituting on average 10.6% of 205 the total reads across all plants (Figure 2A) . The Chloroflexi classes Anaerolineae, 206
Caldilineae, Ardenticatenia, and SJA-15 made up the majority of members of the 207 phylum present ( Figure 1B) . All the abundant genus-level phylotypes ( Figure 1C Figure 1C ), collectively constituting on average 6.2% of the total reads across all 225
Danish plants assessed in this study. These phylotypes were relatively stably present 226 across the different WWTPs ( Figure S1 ) and therefore represent core members of the 227 microbial community of these systems. As little is known regarding the physiology of 228 the latter two genera, they were selected for a detailed characterization in this study.
229
Relative to these phylotypes, the 'Ca. Amarilinum' showed a much more dynamic 230 distribution and periodically reached abundances in excess of 30% of the amplicon 231 reads, which would indicate a likely role in bulking episodes in Denmark. As such, 232 this genus, known only by its 16S rRNA gene sequences, was also selected for 233 characterization in this study. covered by the V1-3 region amplicon sequences, although both probes match the full-242 length database sequences most closely related to the abundant OTU sequences (data 243 not shown). When applied to full-scale activated sludge biomass, both probes 244 hybridized thin filaments (0.3-0.4 µm wide and 15-50 µm long) that were often 245 observed in bundles and almost exclusively located within the flocs. The 246 CFX763AB_H1A and CFX763AB_H1B helper probes are recommended to give 247 optimal fluorescence signal for both probes. Amplicon sequencing of the V1-3 region 248 of the 16S rRNA cannot be used to confidently separate the A and B sub-groups, due 249 to high sequence similarity, but qFISH indicates that the former is the more 250 numerically important of the two. 251
The 'Ca. Amarilinum' genus falls within the novel MiDAS Chloroflexi class-252 level-group SJA-15, together with the also abundant genus 'Ca. Sarcinathrix' (Figure  253 2). A probe to cover the entire 'Ca. Amarilinum' group was not identified, so the 254 CFX64 (Table 1) was designed for the abundant amplicon OTUs (OTU_3 and 255 OTU_4592, Figure S3 ) and the most closely related full-length database sequence 256 (AF513086). These sequences share >97% similarity. As the probe covers these 257 abundant OTUs, it should cover the majority of members of the genus in full-scale 258 activated sludge in Denmark. When applied to activated sludge, the probe hybridized 259 exclusively to filamentous bacteria (see later for a detailed description of their 260 morphology). A strong positive signal was obtained without addition of designed 261 unlabeled helper probes CFX64_H1 and CFX64_H2 (Table 1) , which did not 262 noticeably improve fluorescent signal (data not shown). The 'Ca. Amarilinum' 263 filaments constituted up to 30% of the community biovolume in some full-scale 264
WWTPs in Denmark -confirming their high abundance with amplicon sequencing 265 (see Table 2 ).
266
FISH probes are already available to target the 'Ca. Sarcinathrix' (CFX67), 267 which was shown to possess the Eikelboom 0914 morphotype in nutrient removal 268 activated sludge systems in Australia ). Application of CFX67 269 probe did not give significant positive fluorescence to bacterial cells in Danish plants.
270
The probe misses several full-length sequences classified to the genus and does not 271 cover any of the abundant OTU sequences (>0.1% average read abundance in at least 272 1 plant) from the MiDAS full-scale survey. As such, two new probes were designed 273 to give better coverage of the clade. The designed CFX449 and CFX1151 individually 274 target 85% of the full-length database sequences. As such, they can be applied with 275 different fluorochromes to confirm specific coverage of the genus, or together as a 276 mix to give higher signal ( Figure S4 ). Helper probes were not required for either 277 probe, but did give a more even signal over the filament, which was also reported by 278 Speirs et al. (2011) for the CFX67 probe. The few filaments positive for the CFX67 279 probe in the Danish WWTPs assessed in this study also hybridized the CFX449 and 280 CFX1151 probes ( Figure S4 ). Quantitative FISH values with the CFX449 and 281 CFX1151 were similar to amplicon-sequencing based estimates ( Table 2) . 282
All three phylotypes studied gave positive hybridization signal with the 283 EUBmix probe set, which is commonly applied as a universal probe targeting bacteria 284 (EUB338, EUB338-II, and EUB338-III). This is of interest, given that many 285
Chloroflexi reportedly lack the target site for the EUBmix probe set and fail to 286 hybridize the probe in situ Speirs et al. 2009 The results for substrate uptake by probe-defined 'Ca. Villogracilis' sub-groups A and 327 B, 'Ca. Amarilinum', and 'Ca. Sarcinathrix' using MAR-FISH under various 328 conditions are shown in Table S1 , and a summary of known in situ traits of abundant 329
Chloroflexi is given in Table 3 . 'Ca. Villogracilis' sub-group A, 'Ca. Amarilinum', 330 and 'Ca. Sarcinathrix' only utilized sugars of the 13 substrates tested, consistent with 331 other characterized Chloroflexi genera. The phylotypes differed in the types of sugars 332 taken up, noting that variation was also observed within the 'Ca. Amarilinum' genus -333 with some filaments strongly positive and others clearly negative for fructose uptake.
334
'Ca. Villogracilis' sub-group B filaments were negative for all substrates and 335 conditions. It may be that they have a relatively lower activity than the much more 336 abundant sub-group A filaments that is below the detection of MAR. Further analyses 337 are required to assess the reason for the observed lack of substrate uptake. All three 338 genera were able to take up substrates under anoxic conditions, suggesting 339 fermentative metabolisms. Anoxic uptake of sugars in presence of nitrate/nitrite was 340 also observed, but their potential for denitrification is unclear, given that uptake was 341 also observed without nitrate/nitrite addition. The same ambiguous results were 342 obtained for the 'Ca. Defluviifilum' ). The ability for 343 nitrification was also assessed for these groups in this study, given that Nitrolancetus 344 hollandicus, a nitrite oxidizing member of the class Thermomicrobia of the 345
Chloroflexi, was isolated from activated sludge (Sorokin et al. 2012 ); albeit in a 346 different class to the abundant members of the Chloroflexi Danish full-scale systems. 347
None of the genera appeared to be behaving as nitrifiers, with no observed uptake of 348 labeled CO 2 in the presence of ammonia ( certainly make an important contribution to the bulk nutrient transformations.
358
Relative to other abundant Chloroflexi genera, the distribution of the 'Ca.
359
Amarilinum' is much more dynamic, reaching levels of >30% of the biovolume in 360 some plants. As such, it is more likely that the 'Ca. Amarilinum' are responsible for 361 acute bulking episodes in Danish WWTPs, while other abundant phylotypes are core 362 members of the community that are possibly important to floc structure and the 363 breakdown of organics (see later). While the 'Ca. Villogracilis' are filamentous, they 364 are almost exclusively found within the flocs and are unlikely to contribute to bulking 365 episodes. This observation explains why they have never been detected before and 366 highlights the value of large-scale full-scale surveys, such as MiDAS, for describing 367 the abundant members of wastewater treatment systems and the importance of in situ 368 analyses to evaluate the role of organisms in floc structure and settleability. In 369 addition to a potential contribution to bulking, members of the 'Ca. Promineofilum' 370 are also putatively involved in membrane fouling in MBR systems (Ziegler et al. 371 2016), and 'Ca. Defluviifilum' has a hydrophobic cell surface that has been 372 implicated in the stabilization of problematic foams on the surface of reactor tanks 373 .
374
In recent studies Speirs et al., (2015; in other countries -such as Japan, where they have been suggested as a major 390 contributor to filamentous bulking episodes (Nittami et al. 2017) . Global surveys will 391 help to establish how relevant the abundant Danish phylotypes characterised in this 392 paper are worldwide.
393
The abundant phylotypes in Danish WWTPs appear to be 394 organoheterotrophic, fermentative, facultative anaerobes. This is suggested from their 395 exclusive utilization of sugars and ability for anaerobic carbon uptake. Fermentative 396 pathways were also annotated in the sole genome from these genera -'Ca. Villogracilis' is the first reported facultative anaerobic genus of the Anaerolineae, 404 with all isolates of other described genera being obligate anaerobes.
405
In addition to the likely fermentation of sugars by the abundant Chloroflexi, 406 metabolic diversity within the less abundant members of the phylum is evident -with 407 reported assimilation of short and long chain fatty acids, amino acids, and glycerol 408 ( Table 3) 
417
In this study, the most abundant members of the Chloroflexi in Danish nutrient 418 removal WWTPs were identified and their ecophysiology described. These 419 phylotypes appear to differ in their impact on plant operation -with suggested 420 importance in sludge settleability, foaming, and membrane fouling being associated 421 with different groups. All abundant members of the phylum likely ferment sugars, and 422 future research should aim to obtain representative genomes for each in order to carry 423 out more detailed comparison of their metabolic activities. Such an approach will 424 explain important questions regarding how these organisms coexist, and what 425 conditions determine their relative abundances. The FISH probes designed in this 426 study will allow more hypothesis-based in situ investigation of their physiologies, 427 based on genomic evidence. The taxonomic annotation and design of FISH probes for 428 the abundant Chloroflexi, in combination with the high throughput nature of 16S 429 rRNA gene amplicon sequencing, will also allow their routine observation and study.
430
Defining and naming these novel genus level taxa importantly provides the 431 foundation, upon which information on their morphology, distribution, and 432 physiology can be gathered for an in-depth understanding of their ecology and how 433 this might relate to operational parameters. 434 
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